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Recent geochronological investigations reinforce the early suggestion that the upper part of the Paleo-
proterozoic Huronian Supergroup of Ontario, Canada is present in the Animikie Basin on the south shore
of Lake Superior. These rocks, beginning with the glaciogenic Gowganda Formation, are interpreted as
passive margin deposits. The absence of the lower Huronian (rift succession) from the Animikie Basin
may be explained by attributing the oldest Paleoroterozoic rocks in the Animikie Basin (Chocolay Group)
to deposition on the upper plate of a north-dipping detachment fault, which lacks sediments of the rift
phase. Following thermal uplift that led to opening of the Huronian Ocean on the south side of what is
now the Superior province, renewed uplift (plume activity) caused large-scale gravitational folding of the
Huronian Supergroup accompanied by intrusion of the Nipissing diabase suite and Senneterre dikes at
about 2.2 Ga. Termination of passive margin sedimentation is normally followed by ocean closure but in
the Huronian and Animikie basins there was a long hiatus – the Great Stratigraphic Gap – which lasted
for about 350 Ma. This hiatus is attributed to a second prolonged thermal uplift of part of Kenorland that
culminated in complete dismemberment of the supercontinent shortly before 2.0 Ga by opening of the
Circum-Superior Ocean. These events caused regional uplift (the Great Stratigraphic Gap) and delayed
completion of the Huronian Wilson Cycle until a regional compressional tectonic episode, including the
Penokean orogeny, belatedly ﬂooded the southern margin of the Superior province with foreland basin
deposits, established the limits of the Superior structural province and played an important role in
constructing Laurentia.
 2015, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction to the Huronian and Animikie basins
The evolution of the Great Lakes area during the important
transition from Archean to Proterozoic was controlled by evolving
plate tectonics. The foundation for early Paleoproterozoic basins
was the late Archean supercontinent Kenorland (Williams et al.,
1991) which subsequently broke apart on what is now the south-
ern margin of the Superior province. These processes terminated
before intrusion of the Nipissing diabase suite at about 2.2 Ga but
closure of the Huronian Ocean and deposition in a foreland basinax: þ1 011 519 661 3198.
of Geosciences (Beijing)
sity of Geosciences (Beijing) and Psetting did not take place until about 1850 Ma. This exceptionally
long time interval, for which there is no stratigraphic record in
these basins has been called the Great Stratigraphic Gap (Young,
2013a, Fig. 11).
The objectives of this paper are to attempt to explain the com-
plex stratigraphic relationships between early Paleoproterozoic
rocks of the Lake Superior and Lake Huron regions and in similar
basins in SEWyoming and in Nunavut, and to place the evolution of
these glaciated basins into the broader context of tectonic events
that led to deﬁnition of the Superior province. In a broader context
an attempt is made to explain the Great Stratigraphic Gap and the
unusually long time period e about 650 Ma (from about 2.45 Ga to
about 1.80 Ga) – involved in the Huronian Wilson Cycle. Although
the Wilson Cycle was conceived as including events involved in
ocean closure followed by re-opening (Wilson, 1966) it is here used
in a modiﬁed sense to represent events occurring between theeking University. Production and hosting by Elsevier B.V. All rights reserved.
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extrusion of ﬂood basalts, rifting) and tectonic and sedimentary
manifestation of ocean closure and suturing. In other words it re-
fers to the sequence of events from birth to death of an ocean,
rather than vice-versa, as in the original usage. Following early
suggestions that the Huronian Supergroup of Ontario and western
Quebec was equivalent, in a general way to early Proterozoic rocks
of northern Michigan, Wisconsin and Minnesota, it was proposed
(Pettijohn, 1943; Young, 1966; Young and Church, 1966) that some
formational correspondence exists between the two basins. Recent
geochronological studies (Vallini et al., 2006; Craddock et al., 2013)
have provided support for early suggestions that the upper part of
the Huronian Supergroup (Cobalt Group) corresponds to the for-
mations of the Chocolay Group in northern Michigan. There are,
however, no satisfactory explanations of how these stratigraphic
relationships evolved. The present distribution of these rocks
(Fig. 1) must differ considerably from that at the time of deposition
for the presence of the much younger Mid-Continent Rift (M.-C.R.)
assemblage (w1.1e 1.0 Ga) means that the southern portion of the
Animikie Basin (classical Penokean orogenic belt) was formerly
north of its present location. There are several unanswered ques-
tions regarding relationships between the supracrustal Paleo-
proterozoic rocks of the Huronian Basin and those of the Lake
Superior region. These include the reasons for the absence, in the
Lake Superior area, of the lower Huronian formations (those older
than the glacial deposits of the Gowganda Formation) and the
origin and meaning of the pre-Penokean (w2.2 Ga) deformation of
the Huronian Supergroup, ﬁrst noted almost ﬁfty years ago by
Church (1966, 1968). A third unknown is the origin and tectonicFigure 1. Geological sketch map (after Riller et al., 1999, Fig. 1 and Schultz and Cannon, 200
Superior and Lake Huron areas. Note that the volcanic and sedimentary rocks of the Mid-Con
the Lake Superior area. Opening of the Mid-Continent Rift (M.-C.R.) may have been accomm
(K.F.Z.) into the narrow southeastern portion of the M.-C.R. in Michigan and a possible simil
margin in the Lake Superior area must have lain in a northward indentation relative to the
displacement of the Paleoproterozoic Animikie Basin during opening of the M.-C.R. Straigh
viations: A.B. e Animikie Basin; F.L.F. e Flack Lake Fault; H.B. e Huronian Basin; M.F.Z. e M
Basin; W.G. e Whitewater Group; W.R.B. e Wolf River Batholith (1.47e1.48 Ga).signiﬁcance of the abundant and voluminous maﬁc intrusions of
the Nipissing suite (w2.2 Ga). The Penokean orogeny is now
considered to have occurred between about 1890 Ma and 1830 Ma
(Schultz and Cannon, 2007). It is proposed that, rather than rep-
resenting a compressional orogenic episode, primary folding of the
Huronian Supergroup, particularly in the area south of the Murray
Fault Zone (Fig. 1) may have resulted from large-scale gravitational
sliding associated with development of a north-sloping basin,
possibly related to ‘back-tilting’ of large fault blocks associated with
fault movements and thermal elevation of the area south of the
Huronian Basin.
Evolution of the Great Lakes area during the early Paleoproter-
ozoic began with emplacement of the Matachewan plume, be-
tween 2490 and 2450 Ma (Ernst and Bleeker, 2010 and references
therein), in the area south of the Huronian Basin. This contributed
to stretching and rifting of the late Archean supercontinent
Kenorland to produce an ocean on the southern margin of what is
now the Superior province. An early manifestation of the break-up
process was formation of a thin (few hundredmeters) succession of
conglomerates and cross-bedded sandstones (Livingstone Creek
Formation) and a thick succession of bimodal volcanic rocks (The-
ssalon Formation and equivalents) and associated maﬁc and felsic
intrusions (see Bennett, 2006; Melezhik et al., 2013, Fig. 7.7).
Following this igneous activity a thick (up to about 7 km) succes-
sion of sedimentary rocks ﬁlled the rift basin that subsequently
developed (Young and Nesbitt, 1985; Long, 2004). A different
interpretation was favoured by Zolnai et al. (1984) and Bennett
et al. (1991) who considered the rift phase to have been very
short-lived, involving only the time up to extrusion of the7, Fig. 2) to show the present relationship between Paleoproterozoic rocks of the Lake
tinent Rift (1.1e1.0 Ga) must have caused displacement of the Paleoproterozoic rocks in
odated by movement on a proposed southerly extension of the Kapuskasing Fault Zone
ar fault zone extending to the SW from the west end of Lake Superior. The continental
Huronian margin on the east side of the K.F.Z. (see Fig. 3). Arrows in the M.-C.R. show
t and curved lines in the Superior Province represent dike swarms. Additional abbre-
urray Fault Zone; P.-W. & M.- Pembine-Wassau and Marshﬁeld Terranes; S.B. Sudbury
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formations to have formed on a passive margin. This interpretation
is, however, called into question because of restriction of all the
lower Huronian formations to the area south of the Flack Lake Fault
(Fig. 1), and the ﬂuvial character of the thick sandstone formations
(Long, 1978). These characteristics stand in marked contrast to
those of the widespread marine-inﬂuenced Gowganda Formation
and succeeding formations of the upper Huronian Cobalt Group
(Lindsey, 1971; Miall, 1985; Young and Nesbitt, 1985; Chandler,
1986). This interpretation of the Huronian Supergroup calls for a
two-step process involving an important early rift phase (lower
Huronian) followed by development of a passive margin (Gow-
ganda Formation and succeeding formations of the Cobalt Group, or
upper Huronian) (Young, 2014, Fig. 2). Deposition of this thick
succession, dominated by siliciclastic sedimentary rocks (Fig. 2) can
thus be interpreted as a result of continental rifting and eventual
separation initiated by thermal and magmatic activity associated
with the Matachewan plume (Ernst and Bleeker, 2010).Figure 2. Generalised stratigraphy of Paleoproterozoic rocks of the Animikie Basin (Lake Sup
is not present in the Animikie Basin and the iron-rich Menominee Group is absent from the
other formations appear to be present in both basins. The two basins may be separated by
acted as a transfer fault separating the Animikie and Huronian basins. See text for discussi
Basin are from the north shore of Lake Superior. For additional dates see Cannon et al. (2010
Marquette Range area on the south shore of Lake Superior.2. Stratigraphy of the Huronian Basin
With the exception of thin, locally developed conglomerates and
cross-bedded sandstones of the Livingstone Creek Formation
(Fig. 2), the initial history of the Huronian Basin was dominated by
extrusion of volcanic rocks at about 2.45 Ga. The subsequent
depositional history of the Huronian Basin involved accumulation
of a thick succession of sedimentary rocks that includes evidence of
three glacial episodes. Much of the Huronian succession has been
considered in terms of a thrice-repeated cycle that involves gla-
ciogenic diamictites, followed by mudstones and a thick unit of
ﬂuvial sandstones (Fig. 2, right column). Chemical sedimentary
rocks are rare but limestones and dolostones are present above the
second glacial unit (Bruce Formation) and rare carbonates and
sulphates form part of the Gordon Lake Formation.
The lower age limit of Huronian deposition must be close to
that of the Thessalon Volcanic Formation and equivalents, which
have yielded dates of 2450  25 (Krogh et al., 1984) anderior) and Huronian Basin (Lake Huron area). Note that the lower Huronian succession
Huronian Basin. These stratigraphic gaps are shown by the pattern of vertical lines. All
a southerly extension of the Kapuskasing Fault Zone (K.F.Z.), which is thought to have
on, interpretation and sources of geochronological data. Most ages from the Animikie
). The date from the Hemlock Formation is from Schneider et al. (2002) and is from the
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the youngest Huronian formation is not precisely known but the
Huronian Supergroup is extensively intruded by sills, sheets and
dikes of the Nipissing diabase suite, which has been dated at
2217  9 Ma (Corfu and Andrews, 1986). The Nipissing event
involved more than one intrusive phase but may only have lasted
for about 10 Ma (Lightfoot and Naldtrett, 1996). An age of
w2.31 Ga was recently reported from a thin tuffaceous unit in the
Gordon Lake Formation (Bekker et al., 2010; Rasmussena et al.,
2013). These data suggest that Huronian sedimentation spanned
the long period from about 2.45 Ga to 2.31 Ga (the suggested age
of the Gordon Lake Formation) plus the amount of time involved
in deposition of the quartz arenites of the overlying Bar River
Formation. An upper limit is provided by the w2.22 Ga age of the
Nipissing diabase suite but, with the exception of the two for-
mations mentioned above (Thessalon and Gordon Lake forma-
tions) no individual Huronian formations have yielded precise
dates and there may be grounds for questioning the interpretation
of the date from the Gordon Lake Formation as indicating its
depositional age (see Section 3).
Following a long hiatus of about 350 Ma, and the dramatic
events surrounding the Sudbury Impact at 1850 Ma (Krogh et al.,
1984), the next sedimentary formations preserved in the Huronian
Basin are those of the Whitewater Group. These rocks only occur
within the Sudbury structural basin and because they bear little
resemblance to any rocks in or near to the Huronian outcrop belt,
their stratigraphic afﬁliations remained problematic until publi-
cation of Dietz’s benchmark paper in 1964 when he made the
suggestion that the Sudbury Structure was an impact scar and
precise dating of that event by Krogh et al. (1984). It was sug-
gested by several early workers that the rocks of the Whitewater
Group were correlative to the lithologically similar Rove Forma-
tion on the north shore of Lake Superior (Young and Church, 1966,
p. 79, and references therein) – a correlation that has only recently
been veriﬁed by discovery of a widespread breccia layer that is
attributed to the Sudbury Impact (Addison et al., 2005; Cannon
et al., 2010) and therefore provides a precise time marker that
links the widely separated sedimentary successions of the Sud-
bury structural basin and the Animikie Basin. It was suggested by
Cannon et al. (2010) that the Sudbury Impact took place in a
basinal environment because of the occurrence of carbonaceous
shale fragments in the Onaping Formation (Bunch et al., 1999) but
this seems to be unlikely for there is no evidence of deposition of
carbon-rich sediments in the Huronian outcrop belt until after the
impact had occurred e during deposition of the ‘Black Onaping’
which probably resulted, in part, from reworking of fall-back
breccias and includes many carbon-coated clasts. In the Ani-
mikie Basin, widespread black carbonaceous shales also overlie
the impact layer.
3. Stratigraphy of the Animikie Basin
West of the Huronian Basin Paleoproterozoic rocks of the Mar-
quette Range Supergroup are exposed in the area around the
western and southern margins of Lake Superior (Fig. 1). Proterozoic
supracrustal rocks in northern Michigan, Wisconsin and Minnesota
were for many years correlated in a general way to the Huronian
succession but because of perceived differences it was proposed by
James (1958) that this practice be discontinued. He suggested that
the term “Animikie Series” be used for the Proterozoic successions
of the Lake Superior area. As more stratigraphic details of the two
areas began to emerge Pettijohn (1943), Young (1966) and Young
and Church (1966) proposed that the upper part of the Huronian
succession in Ontario (Cobalt Group) may be correlated to
distinctive rock types in the lowest part of the ‘Animikie Series’ –the Chocolay Group in Michigan. The proposed correlative rock
types include glacial diamictites (Gowganda Formation), followed
by unusual aluminous orthoquartzites (part of the Lorrain Forma-
tion), and carbonate- and sulphate-bearing rocks of the Gordon
Lake Formation (Fig. 2). Of particular importance in the proposed
correlation were scattered exposures of glaciogenic rocks lying
unconformably on Archean basement in the area south of Lake
Superior. These are known as the Fern Creek, Enchantment Lake
and Reany Creek formations (Pettijohn, 1943; Puffett, 1969; Gair,
1981) and were considered to be correlatives of the regionally
extensive Gowganda Formation on the north shore of Lake Huron.
The proposed correlation was not accepted by most (e.g. Cannon,
1973; Morey, 1973; Van Schmus, 1976; Sims and Peterman, 1983)
because available radiometric age determinations were taken to
mean that the Lake Superior rocks were entirely younger. These
lithostratigraphic correlations (Young, 1966; Young and Church,
1966; Ojakangas, 1988; Ojakangas et al., 2001) were eventually
supported by geochronological data from detrital zircons and
xenotime cements in rocks of the Chocolay Group in northern
Michigan (Vallini et al., 2006). It was shown by Vallini et al. (2006)
that the rocks of the Chocolay Group, including the glaciogenic
diamictites at its base, were older than 2207 Ma, the age of hy-
drothermal xenotime rims on zircon grains, thus demonstrating
temporal equivalence to part of the Huronian Supergroup, as pro-
posed 40 years earlier (Young, 1966). As usual, ‘the devil is in the
details’. Zircon from the Enchantment Lake Formation yielded a
date of 2317  6 Ma and the overlying Sunday Quartzite provided a
zircon age of 2306  9 Ma, so that these formations are ostensibly
older than these ages (or equivalent to them, if the zircons came
from contemporary tuffs). Newly published zircon dates
(Rasmussena et al., 2013) from what was considered to be a thin
tuffaceous layer in the Huronian Gordon Lake Formation (Fig. 2)
were interpreted to indicate a depositional age of about 2308  8
and 10 Ma for that formation. If the lithostratigraphic correlation
(with the diagnostic pairing of glaciogenic deposits succeeded by
aluminous quartz arenites) is accepted as indicating equivalence to
the Huronian Gowganda-Lorrain association, then the interpreta-
tion of the age of the Gordon Lake Formationmay be suspect for the
proposed agewould mean the Gordon Lake Formation is older than
the Sturgen Quartzite – presumed equivalent of the Lorrain For-
mation, which underlies the Gordon Lake Formation (see Fig. 2). An
alternative interpretation is that the dated zircons (2308 Ma) from
the Gordon Lake Formation are detrital and were derived from the
same source as those of near-identical age (2306 Ma) in the Stur-
geon Quartzite. Thus the Gordon Lake Formation could be younger
than the 2.31 date suggested by Rasmussena et al. (2013) and the
age from zircons in the glaciogenic Enchantment Lake Formation
(2317 Ma) either indicates the depositional age of that formation
(as suggested by Vallini et al., 2006) or, if these grains are also
detrital, could indicate that the formation is younger than that age.
Thus the age of the Enchantment Lake Formation (and therefore
that of the correlative Gowganda Formation) remains uncertain but
is either about 2317Ma or younger. Acceptance of the 2308Ma date
as the depositional age of the Gordon Lake Formation would mean
that there is a very long time interval (almost 100Ma) between that
depositional age and intrusion of the Nipissing diabase at
2217  9 Ma, which seems unlikely because there is only a single
preserved younger Huronian formation (Bar River Formation), and
intrusion of the Nipissing diabase suite is considered to have taken
place prior to complete lithiﬁcation of the Huronian sedimentary
formations (see Section 7). Although correlation of the Chocolay
Group with the upper portion of the Huronian Supergroup is now
generally accepted, the remaining stratigraphic discrepancies be-
tween the two adjacent Paleoproterozoic basins (Fig. 2) have not
been resolved.
G.M. Young / Geoscience Frontiers 6 (2015) 419e435 423Understanding the Paleoproterozoic stratigaphy of the Lake
Superior area has been difﬁcult because of a combination of poor
exposure and structural complexity but recent studies such as
those of Schneider et al. (2002), Schultz and Cannon (2007), and
Craddock et al. (2013), together with earlier works such as those of
Cannon (1973), Morey (1973), Sims and Peterman (1983) and
Ojakangas et al. (2001), have resulted in development of a plate
tectonic scheme that generally resembles that outlined for the
Huronian Basin. One major difference is that ‘accreted terranes’ are
better preserved in the Animikie Basin, whereas to the east they are
probably obscured by Paleozoic cover rocks or were involved in
younger thermo-tectonic activity associatedwith the Grenville, and
possibly older orogenies. The stratigraphic picture that has
emerged in the Animikie Basin may be summarised in terms of
three, dominantly sedimentary packages that comprise (from base
to top) the Chocolay, Menominee and Baraga groups. The simpliﬁed
and generalized stratigraphy of these rocks is shown in Fig. 2,
together with a comparative section from the Huronian Super-
group. The oldest Proterozoic link between the two areas involves
the upper Huronian formations and those of the Chocolay Group,
which have near-identical rock types. The thick lower Huronian
succession, which is interpreted as a rift-ﬁll, is not known from the
Animikie Basin, and rocks equivalent to the iron-rich Menominee
Group are not represented in the Huronian Basin. The Chocolay
Group is thought to represent erosional remnants of the passive
margin succession that is much more fully preserved as the Cobalt
Group in the Huronian Basin. Deposition of these sediments was
followed, in both basins, by a long hiatus of more than 300 Ma.
In the Animikie Basin the ﬁrst recorded supracrustal rocks
following the hiatus or ‘Great Stratigraphic Gap’ of Young (2013a,
Fig. 11) are those of the Menominee Group which consists of basal
sandstones and mudstones and volcanic rocks that are followed by
the famous Superior-type iron formations. Volcanic rocks of the
Hemlock Formation have provided a date of 1874  9 Ma
(Schneider et al., 2002). Although there is a large time interval
between the Chocolay and Menominee groups some areas show
little evidence of structural discordance. These relationships are
comparable to those described by Aspler et al. (2001) from a similar
succession of similar age (Hurwitz Group) on the west side of
Hudson Bay. In the Animikie Basin the overlying Baraga Group is
commonly separated from underlying iron formation of the
Menominee Group by a widespread unusual breccia that is inter-
preted as a debris layer related to the 1850 Ma Sudbury Impact
(Addison et al., 2005; Cannon et al., 2010). In many areas the impact
layer is followed by a black carbonaceous shale which is in turn
succeeded by a thick, turbidite-rich succession. The rocks of the
Baraga Group closely resemble those of the Whitewater Group,
which is preserved exclusively within the Sudbury structural basin
(Fig. 1). As pointed out by Cannon et al. (2010) there appears to be a
profound and rapid change in the sedimentary regime of the Ani-
mikie Basin from mostly shallow water oxidative conditions under
which the iron formations accumulated, to deposition of ﬁne
grained, black, carbonaceous mudstones, formed in a reducing
environment. It is possible that this rapid environmental change
was due, in part, to near-extirpation of marine photosynthetic
micro-organisms due, among other things, to widespread (global?)
distribution of ﬁne debris thrown into Earth’s atmosphere during
the Sudbury Impact, so that photosythetic activity would have been
inhibited and ocean temperatures would have been lowered
(Young, 2013a, Fig. 11).
4. Previous interpretations of tectonic setting
There have been various interpretations of the tectonic setting
that inﬂuenced the distribution and nature of Paleoproterozoicrocks in the Great Lakes area. It was proposed by Dietz and Holden
(1966) that the Huronian rocks represent a ‘miocline’, or passive
margin. It was suggested (and later retracted) by Hoffman et al.
(1974) that the East Arm of Great Slave Lake was the site of a
Paleoproterozoic aulacogen. In an attempt to explain westward
thinning of the Huronian Supergroup, it was suggested (Young,
1983) that the Huronian Basin could be interpreted in the same
way. It was also pointed out in the same paper (Young, 1983, Table
1) that therewas a distinct change from ‘graben-style tectonics’ to a
‘downwarp stage’ at the time of deposition of the Gowganda For-
mation. The same change in sedimentary style was noted by Long
and Lloyd (1983) who proposed that the Huronian Supergroup
formed in an intracratonic transpressional oblique-slip basin that
evolved into a typical passive margin during deposition of the
upper Huronian sediments. Following detailed investigation of the
Gowganda Formation in the southern part of the Huronian outcrop
belt, Young and Nesbitt (1985) suggested a classical rift-to-drift
interpretation of the Huronian Basin in which the entire lower
Huronian succession was considered as a restricted, mainly non-
marine, rift-ﬁll, in contrast to the widespread (largely marine)
upper Huronian succession. Most of the lower Huronian sedi-
mentary rocks were considered by Zolnai et al. (1984), Bennett et al.
(1991) and Riller et al. (1999) to have been deposited on a passive
margin, restricting the rift phase to a very short-lived episode of
volcanism near the base of the supergroup but, based on strati-
graphical and sedimentological arguments, Young and Nesbitt
(1985) and Long (2004, pp. 208e209) concluded that all of the
lower Huronian formations (see Fig. 2) were deposited in a rift
setting. Most compelling are the wide distribution of the upper
Huronian rocks, compared to the restricted, fault-bounded nature
of the lower Huronian formations, and the presence of marine in-
dicators in the upper Huronian succession and their dearth (or
absence) in the lower portion. The absence of the lower Huronian
succession in the Animike Basin has not been convincingly
explained, although Young (1983) suggested that these strati-
graphic relationships are comparable to what is observed in
northern parts of the Huronian outcrop belt where Paleoproter-
ozoic deposition began with the Gowganda or Lorrain formations.
In a comprehensive survey of the relationship between pre-existing
sutures, mantle plume activity, and continental break-up (Buitera
and Torsvik, 2014, Fig. 10) it was suggested that in cases where
plume activity is involved (active rifting), ﬂood basalt will precede
the onset of rifting. In the Huronian Basin, ﬂood basalts of the
Thessalon Formation were described as erosional remnants
(Bennett, 2006), and thick (up to 1700 m) fanglomerates of the
Aweres Formation (thought to be equivalent to the MIsssissagi
Formation) were interpreted as being due to uplift, which was
probably rift faulting. The basal pert of the Aweres Formation
contains abundant maﬁc volcanic fragments which are replaced
upwards by basement granite clasts, suggesting removal of the
volcanic cover from its Archean basement. This suggests that rifting
in the Huronian Basin was taking place (initiated?) after extrusion
of the Thessalon Formation and equivalents. Perhaps the basal
conglomerates and sandstones of the Livingstone Creek Formation
formed in response to doming related to emplacement of the
mantle plume. Following extrusion of the Thessalon Formation
ﬂood basalts and associated rocks rifting was initiated and silici-
clastic rocks were shed from fault scarps and from orthogonal fault-
bounded basin margins such as those associated with the ancestral
Kapuskasing Tectonic Zone.
Most of the sedimentary rocks in the Animikie Basin are
considered to have been deposited in some sort of collisional
setting, either partly as back-arc basin deposits (Schneider et al.,
2002; Schultz and Cannon, 2007) or as classical foreland basin
sediments related to ocean closure (Hoffman, 1987; Young, 2002).
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Although there have long been problems in establishing widely
accepted stratigraphic correlations between the Animikie and
Huronian basins it has commonly been assumed that the rocks of
both basins formed at approximately the same time and were later
deformed during the Penokean orogeny. During early structural
investigations of the Huronian Supergroup it was pointed out by
Church (1966, 1968) that major folding of the Huronian rocks in the
area south of the Murray Fault Zone (Fig. 1) took place at about
2.2 Ga, close to the time of intrusion of the Nipissing diabase suite.
This conclusion is based on ﬁeld evidence showing that the axes of
both major structures, such as the McGregor Bay anticline, and
minor folds are transected by diabase intrusions, and on the pres-
ence of highly irregular and pod-shaped diabase bodies, suggesting
magmatic invasion of incompletely consolidated sediments (Card,
1976a; Young, 1983; Shaw et al., 1999; Young et al., 2001; Long,
2004). Large diabase sheets tend to occur in anticlines such as the
McGregor Bay anticline (Young, 1966, Fig. 1) and this, together with
their general absence from major synclines in the southern part of
the Huronian Basin, suggests that the folds were developed prior to
intrusion e anticlines acting as traps and synclines as barriers to
rising magmas.
There is also evidence that the Huronian rocks were folded
before development of the main cleavage in argillaceous Huronian
units. The same cleavage developed later than the Sudbury brec-
cias, which, together with shatter cones, are commonly attributed
to the passage of shock waves through the rocks at the time of the
Sudbury impact (1.85 Ga). Thus the cleavage is potentially attrib-
utable to the Penokean orogeny that deformed the rocks of the
Animikie Basin much later than the development of the ﬁrst major
folds of the Huronian outcrop belt.
There is also abundant evidence of signiﬁcant ﬂattening in the
southern part of the Huronian outcrop belt. Thin vein-like, sand-
ﬁlled clastic dikes in mudstones (now argillites) have been
considerably deformed into ‘ptygmatic’ style folds, and strain
shadows are commonly developed around clasts in diamicttes with
a ﬁne grained matrix. Although early deformation in the southern
part of the Huronian Basin was attributed by some to the Penokean
orogeny, geochronological evidence suggesting that the Penokean
orogeny began at about 1.89 Ga means that the ﬁrst folding of the
Huronian Supergroup occurred more than 300 Ma earlier.
It was suggested by Riller et al. (1999) that the Huronian rocks
were involved in an early orogenic episode termed the Blezardian
orogeny. These authors were of the opinion that fragmentation of
the Archean ‘supercontinent’, Kenorland, was initiated at a very
early date, following extrusion of the basal Huronian volcanic rocks
at about 2.45 Ga. Stratigraphic and sedimentological evidence
suggests that break-up did not take place until the time of depo-
sition of the Gowganda Formation (Young and Nesbitt, 1985; Long,
2004), making it unlikely that orogeny took place during what was
essentially a lengthy tensional episode. The existence of the Ble-
zardian orogeny is predicated to some degree on interpretation of
two small granitic intrusions (Creighton and Murray plutons)
which occur near the Murray Fault Zone on the south side of the
Sudbury Basin. These granites have yielded dates of about 2.45 and
2.43 Ga which are close to the time when Huronian deposition
began so that they are probably co-magmatic with rift-related
volcanic rocks (Jolly et al., 1992) near the base of the Huronian
Supergroup in the Sudbury area. Interpretation of structures in and
around the granites is highly controversial (Dutch, 1979; Card,
1979). These small granitic intrusions may be part of the igneous
activity associated with the formative (rift) stage of the Huronian
Basin. The Blezardian orogeny is believed to have occurred between
2.4 and 2.2 Ga (Riller et al., 1999) but this is precisely the timeduring which the Huronian Supergroup accumulated. It is difﬁcult
to understand how a 200 Ma-long mountain building event (Ble-
zardian orogeny) could have taken place in the same area and at the
same time as the Huronian sedimentary succession was being
deposited in an extensional setting that involved a long rift phase
and development of a passive margin. Even if the very early rift-
drift transition is accepted so that most of the Huronian Super-
group accumulated on a passive margin, as suggested by Riller et al.
(1999), it is difﬁcult to reconcile this with a contemporaneous
orogeny. Folding of the thick, mainly sedimentary Huronian Su-
pergroup, by whatever mechanism, must be later than its deposi-
tion, which ended before 2.2 Ga, when intrusion of the Nipissing
diabase took place. Certainly orogeny can accompany sedimenta-
tion in a compressional setting such as a foreland basin but if the
Huronian Supergroup is correctly interpreted as a rift basin that
developed into a passive margin, then the dominant tectonic
regime was extensional.
The tectonic history of the Animikie Basin is much less contro-
versial. There is now general agreement that Paleoproterozoic
sedimentation in the Lake Superior area (at least in the south shore
area) began with local glacial deposits, followed by deposition of
super-mature sands and a carbonate-rich unit. These formations,
and equivalents elsewhere in the Animikie Basin, are correlated to
the ﬁrst three passive margin formations of the upper Huronian
Cobalt Group.
The thick succeeding package ismuchyounger (w1.89e1.83Ga)
according to reviews by Schneider et al. (2002) and Schultz and
Cannon (2007) and is believed to be related to docking of island
arcs andmicrocontinents during a complex history of ocean closure
and accretion of ‘foreign’ terranes. In the Animikie Basin supra-
crustal rocks formed during the accretion phase comprise two,
mainly sedimentary groups e the Menominee and Baraga.
The Menominee Group lies unconformably on rocks of the
Chocolay Group but some areas show little or no structural
discordance. The sequence consists of basal sandstones and mud-
stones and includes volcanic rocks (Schneider et al., 2002). The
Superior-type iron formations are mostly in the upper part of the
Menominee Group. These rocks were considered by Schneider et al.
(2002) to have formed in foreland extrusion basins associated with
tectonic emplacement of the Pembine-Wassau arc terrane, whereas
they were interpreted as back-arc basin deposits by Fralick et al.
(2002) and Schultz and Cannon (2007).
Discovery of a thin but extensive layer of breccia interpreted as a
product of the Sudbury impact (Addison et al., 2005; Cannon et al.,
2010 and references therein) provides a precise date of 1850 Ma for
the end of deposition of the Menominee Group which is followed
by a widespread black and grey shale unit and a thick succession of
turbidites comprising the Baraga Group. Ash beds near the base of
the Baraga Group have yielded dates of 1832 Ma and 1836 Ma
(Addison et al., 2005) and a date of 1878 Ma was obtained from an
ash bed within the underlying Gunﬂint Formation (Fralick et al.,
2002). The succession of the Baraga Group ﬁnds a close analogue
in theWhitewater Group of the Sudbury Basin (Figs. 1 and 2) where
carbon-rich rocks of the upper (‘black’) portion of the Onaping
Formation (Fig. 2) and overlying carbonaceous shales of the
Onwatin Formation were attributed by Young (2013a) to an
extinction event following the huge Sudbury impact.
6. Genesis of the Animikie and Huronian basins
The salient aspects of stratigraphic relations between the two
Paleoproterozoic basins in the Great Lakes area are shown in Fig. 2 .
Both basins have some common formations, which are critical in
establishing their contemporaneity. Those that are present in only
one basin also shed important light on the tectonic evolution of the
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of the Chocolay Group is an old idea that has only recently received
conﬁrmation from geochronological investigations (Vallini et al.,
2006; Craddock et al., 2013). Likewise, recognition of widespread
debris from the Sudbury impact event has provided critical support
for correlation of the Onwatin and Chelmsford formations with the
Baraga Group.
Most telling among formations that are known from only one
basin are those that comprise the thick lower part of the Huronian
succession (Fig. 2). As discussed above, these rocks are considered
to represent the rift phase of the Huronian Basin.
The key to understanding these stratigraphic relationship may
lie in the elegant model for continental separation by detachment
faults developed by Lister et al. (1986). A simpliﬁed version of the
proposedmechanism is shown in Fig. 3. There are marked contrasts
in thickness and character of stratigraphic successions developed
on ‘upper’ and ‘lower’ plates of a continent that separated by
displacement on a detachment fault system. The lower plate (the
portion beneath the detachment fault) should include tilted crustal
blocks, containing rift deposits and draped by a much more
extensive passive margin succession. These relationships match
perfectly those observed in the Huronian Basin. The area south of
the Flack Lake Fault and its projection to the east is taken to
represent the rift basin although the M.F.Z. probably played a major
role as a down-to-basin fault, for it is the locus of signiﬁcant
thickness changes in many formations. The Gowganda Formation
was the ﬁrst to overstep the Flack Lake Fault to lie directly on
Archean basement rocks in a large area to the north of the HuronianFigure 3. Block diagram, simpliﬁed from Lister et al. (1986, Fig. 3A) to show possible relation
Note that the Huronian Basin corresponds to a lower plate conﬁguration, where the rift-stag
north-dipping detachment fault – sediments formed during the ritt phase are absent and
(Chocolay Group ¼ upper Huronian formations). Note that in the Animikie Basin the low
formation. This model provides an explanation for the absence of the lower Huronian rift srift basin, signalling the subsidence that typically results from
thermal relaxation during formation of a continental margin.
The Animikie Basin may be interpreted in terms of the same
model, except that the detachment fault dipped in the opposite
direction (to the north) so that it represents the upper plate, which
provides an explanation for the absence of sediments formed
during the rift-phase (Fig. 3). In this interpretation the lower plate,
carrying the missing lower Huronian succession would have been
transported elsewhere as the ocean widened. It was suggested by
Roscoe and Card (1993) that the identical stratigraphic succession
of Paleoproterozoic rocks preserved in SE Wyoming (Young, 1975,
1970) might be the displaced and rotated ‘other side’ of the Huro-
nian Basin (see also Heaman, 1997, Fig. 3, Bleeker, 2004 and Ernst
and Bleeker, 2010) but, if the Wyoming rocks originated in the vi-
cinity of the Great Lakes, they are more likely to be the displaced
southern portion of the Animikie Basin, for the Snowy Pass Su-
pergroup of Wyoming includes the rift package (missing from the
Animikie Basin) that is the hallmark of a lower plate assemblage.
Switching of the dip direction of detachment faults was
described by Lister et al. (1986, Fig. 3) as commonly occurring across
transfer faults. A possible candidate for such a fault is the southern
part of the Kapuskasing Tectonic Zone (Fig. 4), which includes
crustal scale faults that transect the Superior province. Palinspastic
reconstruction involving removal of the Mid-Continent Rift zone
(w1.1 Ga) results in a 70 to 100 km northerly displacement of the
southern portion of the Animilie Basin (Riller et al., 1999, Fig. 7;
Craddock et al., 2013, Fig. 3) (Fig. 4). Generalised paleocurrent di-
rections in the Huronian Basin, mainly from ﬂuvial sandstones, areships between the Paleoproterozoic stratigraphy of the Animikie and Huronian basins.
e is preserved. In contrast, the Animikie Basin is interpreted as an upper plate above a
the preserved succession begins with sedimentary rocks formed on a passive margin
er plate, with its rift-ﬁlling succession was removed during separation during ocean
uccession in the Animikie Basin.
Figure 4. Geological sketch map of the northern Great Lakes area with the southern part of the Animikie Basin displaced northwards to simulate its approximate location prior to
opening of the Mid-Continent Rift. Note that the Huronian and Animikie basins (see Fig. 1) are separated by the Kapuskasing Fault Zone. The Huronian Basin is thought to represent
a lower plate succession (see Fig. 5) and the Animikie Basin an upper plate. The Matachewan dike swarm northwest of the Huronian Basin shows a change in direction across the
K.F.Z. that may be due to dextral movement along the fault during northward compression of the Animikie Basin during emplacement of ‘foreign terranes’ during the Penokean
orogeny, Regional paleocurrent patterns in the Huronian Basin are shown in simpliﬁed form by black arrows. Evidence of lateral transport of sediment near the west and east
borders of the Huronian Basin may reﬂect uplift on bounding transfer faults. Three heavy circles represent the approximate locations of mantle plumes (after Bleeker, 2004 and
Ernst and Bleeker, 2010). These are thought to have been responsible for thermal elevation of a large area in the SW part of the Superior Province. Most map symbols and ab-
breviations are explained in the caption to Fig. 1. Additional abbreviations: F.F.P. e Fort Francis Plume; G.P. e Grenville Province; Lo. Pl. e Lower Plate; N.F.Z. e Niagara Fault Zone; Up.
Pl. e Upper Plate; Ma.P e Matachewan Plume; Mt.P. e Marathon Plume. Note that later olume activity in the same general location as the Matachewan Plume is thought to be
responsible for intrusion of the Nipissing diabase suite (w2.2 Ga) in the Huronian Basin and possibly the Senneterre dyke swarm (see Fig. 6).
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suggest derivation of much of the clastic ﬁll from the sides of the
Huronian Basin, possibly as a result of subsidence of the basin
related to movements in the ancestral Kapuskasing Structural Zone
and, more speculatively, a possible uplifted block near the region
now occupied by the much younger Timiskaming graben (Fig. 4).
On the west side of the Kapuskasing Structural Zone, here
referred to as the Kapuskasing Fault Zone or K.F.Z. (Fig. 4) the
Matachewan dike swarm (2.49e2.45 Ga) takes on a northwesterly
trend, whereas it has an NNW trend to the east of the K.F.Z. The
westward swing in direction was attributed by Halls and Davis
(2004) and others to rotation of continental blocks but a more
recent analysis by Evans and Halls (2010) concluded that re-
orientation of the dike swarm was due to dextral displacement
along the K.F.Z. and thrusting within the Kapuskasing Structural
Zone at about 1900 Ma. These tectonic activities may have been the
result of northward or north-northeasterly displacement of the
southern portion of the Animikie Basin on thewest side of the K.F.Z.
during closure of the ocean to the south. Lateral displacement on
transfer faults such as the K.F.Z., and possibly another similar fault
near what is now the western branch of the Mid-Continent Rift
system, would have resulted in a more indented southern margin
to the Penokean orogen than is apparent on modern geological
maps (Fig. 1).The Menominee Group is not present in the Huronian Basin.
These rocks possibly resulted from early local (northward-
directed?) subduction in the Animikie Basin at about 1875 Ga
(Schultz and Cannon, 2007). In the Huronian Basin the oldest-
preserved post-Huronian sedimentary rocks are those of the
Whitewater Group which appear to have followed closely on the
Sudbury Impact at 1.85 Ga.
7. The role of plume activity
In the Huronian Basin the sedimentary record began with local
deposition of conglomerates and sandstones of the Livingstone
Creek Formation, followed by extrusive and intrusive igneous ac-
tivity at about 2.45 Ga. The igneous activity is widely interpreted as
a manifestation of rifting in the vicinity of the southern margin of
the Superior province (Jolly et al., 1992; Long, 2004; Bennett, 2006).
This early igneous phase is possibly an expression of the Mata-
chewan plume (Halls et al., 1994; Bleeker, 2004; Ernst and Bleeker,
2010) which also left a huge fan-shaped array of maﬁc dikes in the
Archean basement north of the Huronian Basin (Fig. 4). The Mat-
achewan plume was active between about 2490 and 2450 Ma
(Ernst and Bleeker, 2010, Fig. 7, and references therein), so that the
basal Huronian volcanic episode may represent its dying phase
(Fig. 5, part A). To the west, across the K.F.Z. the Animikie Basin was
Figure 5. Cartoon (after Lister et al., 1986) to represent some aspects of the tectonic history of the Huronian and Animikie basins from the initiation of Huronian deposition (at
approximately 2.45 Ga) to intrusion of the Nipissing diabase suite at about 2.2 Ga. (A) As detachment begins in both basins, related to the Matachewan plume, a rift basin succession
accumulates on the lower plate in the Huronian Basin and there is no sediment accumulation on what will become the Animikie Basin (upper plate). (B) Following break-up a
passive margin succession (upper Huronian) blankets the rift assemblage in the Huronian Basin. The same formations (Chocolay Group) are deposited on the upper plate of the
Animilie Basin. (C) Sedimentation ceases, possibly due to moderate uplift related to reactivation of a mantle plume near the locus of the older Matachewan plume. (D) Continued
thermal uplift in the Huronian Basin leads to gravitational displacement of the southern portion of the incompletely consolidated Huronian Supergroup and intrusion of the
Nipissing diabase suite. The Animikie Basin is less affected by these events because it is farther removed from the thermal uplift.
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fault dipped north. Thus when continental separation took place
and the upper Huronian (passive margin) succession blanketed the
rift assemblage in the Huronian Basin, the Paleoproterozoic record
in the Animike Basin began with deposition of the passive margin
assemblage of the Chocolay Group directly on Archean basement
(Fig. 5, part B).
Deposition of the Huronian Supergroup is known to have taken
place between about 2.45 Ga, the age of the basal lavas and 2.2 Ga,
the date of the Nipissing diabase. This long time interval (w250Ma)
may be considerably shortened if the recently reported date of
2.31 Ga from the Gordon Lake Formation (Rasmussena et al., 2013)
is from a contemporary tuff horizon but, as discussed above (Sec-
tion 3) the dated zircons may be detrital, in which case the depo-
sitional age is probably younger. Quartz arenites of the Bar River
Formation were deposited above the Gordon Lake Formation (and
possibly additional sediments that were subsequently eroded),then the entire succession was folded (most notably in the south)
and intruded by the Nipissing diabase suite, at about 2.2 Ga. Both
major folding and intrusive activity may have occurred before
complete consolidation of the host rocks, for many large- and
small-scale folds have an unusual, irregular appearance on detailed
maps (Card, 1976b; Young, 1983, Figs. 4 and 5) and there is abun-
dant evidence of penetration of sediments from one formation into
those adjacent. These unusual folds and the abundance of sedi-
mentary intrusions may be the result of large scale gravitational
sliding and crumpling of semi-consolidated sediments. The pres-
ence of hydrothermal xenotime coatings of about the same age on
zircons in the Chocolay Group (Vallini et al., 2006)may also indicate
that these rocks were also incompletely consolidated (permeable)
at about 2.2 Ga. According to Lister et al. (1986) the trailing edge of
the lower plate should become elevated due to unloading as the
upper plate moves away. The sediments in the lower portion of the
Huronian Supergroup may well have developed a northerly dip
Figure 6. Sketch map of the eastern part of the Superior province (after Palmer et al.,
2008, Fig. 1) to show the spatial relationships among the Nipissing diabase intrusions
(shown in white) in the Huronian Basin, the Matachewan and Ungava plumes and
associated dike swarms. On the basis of ﬂow directions obtained from magnetic
anisotropy studies it was suggested by Palmer et al. (2008) that the Senneterre dikes
and Nipissing intrusive rocks could have been derived from the Ungava plume near the
NE extremity of the Superior province. An alternative interpretation of these data is
that the magmatic source lay beneath and near to the Huronian Supergroup, which
captured most of the magma in the form of sub-concordant intrusions and that the
Senneterre dikes are a distal expression of the same magmatic pulse in the form of NE-
trending dykes in the basement rocks. It is proposed that the origin of this magmatism
(and the uplift held responsible for early gravitational folding of the Huronian sedi-
ments) was renewed activity at around 2.2 Ga in the same vicinity as the older Mat-
achewan plume. Radiating dyke swarms in the area north of Lake Superior suggested
slightly younger plume activity (Marathon and Fort Francis plumes of Ernst and
Bleeker, 2010) in the same general region (see Fig. 8, inset).
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porary displacement on down-to-basin faults such as the Murray
and Flack Lake faults. An alternative (or additional) explanation for
gravitational displacement of the Huronian sediments may be
thermal uplift in the area immediately south of the Huronian
outcrop belt. This is approximately the same area as that occupied
by theMatachewan plume about 200Ma earlier (Fig. 4). The similar
location may be coincidental or possibly there was a structural or
compositional inheritance from the earlier plume that inﬂuenced
emplacement of the younger one. It was suggested by Halls et al.
(2008) that the Marathon plume, which was inactive for almost a
billion years, reappeared in the form of the ca. 1.1 Ga Mid-Continent
Rift system but the reasons for the occurrence of plume activity in
the same locality remain obscure. This mechanism (Fig. 5, parts C,
D) and similar thermal uplift in many areas throughout what would
later become the Superior Province, could explain the hiatus be-
tween the termination of Huronian sedimentation and deposition
of the Whitewater Group, and provide a magmatic source for the
Nipissing diabase intrusions, the timing of which has always been
enigmatic. It was suggested by Roscoe and Card (1993) that the
Nipissing diabase suite represents the rift-drift transition, or was
emplaced in a wide rift basin (Bleeker, 2004) but these in-
terpretations seem unlikely in view of the fact that no Huronian
sedimentary rocks are known to be younger than the magmatic
episode which, if it signalled formation of a passive margin, should
have initiated subsidence and deposition of a thick succession of
shallow marine sediments. Stratigraphic evidence supports earlier
formation of a passive margin at the time of deposition of the
Gowganda Formation. In order to explain the unusual timing of the
Nipissing event, it was suggested by Buchan et al. (1998) and
Palmer et al. (2008) that the intrusions could have been derived
from an area that was far removed from the Huronian Basin and its
tectonic evolution e from the Ungava plume, about 1000 km to the
NE. It was proposed that the thick maﬁc sheets and sills in the
Huronian Basinwere delivered from the NE by the Senneterre dikes
which are approximately the same age as the Nipissing
intrusions (Fig. 6). Although the Senneterre dikes and Nipissing
intrusions may well be co-magmatic, it is possible that the source
was located beneath the Huronian Basin. The sills and sheets are
thick and abundant throughout the Huronian outcrop belt, whereas
the Senneterre dike suite is quite sparse, so that the Nipissing in-
trusions may have formed closer to the magma reservoir. The
Senneterre dikes may have been derived from the Nipissingmagma
pool, rather than the other way round. The sub-concordant nature
of many Nipissing intrusions probably resulted from equalization of
magmatic and lithostatic pressures as the magma rose through the
thick sedimentary pile in the manner described by Anderson (1951)
and Caldwell and Young (2012, p. 241). The Senneterre dikes could
therefore be part of a swarm that is only exposed beyond the
conﬁnes of the thick Huronian cover. The passivemargin succession
in the Animikie Basin (upper plate) was uplifted to some degree but
escaped the early folding and massive intrusive event that affected
the Huronian Supergroup (Fig. 5D), although it was affected by
hydrothermal xenotime coatings on zircon grains at about the same
time (Vallini et al., 2006).
8. Plate tectonic activity during ocean closure
Following early folding and intrusion of the Nipissing diabase
there was a long hiatus (w350 Ma) represented, in the Huronian
Basin by the unconformity between folded rocks of the Huronian
Supergroup and breccias (Onaping Formation) related to the Sud-
bury Impact. These coarse deposits are succeeded by black carbon-
rich, stratiﬁed breccias (the so-called ‘Black Onaping’), which are
overlain by black shales of the Onwatin Formation and a thicksuccession of proximal turbidites – the Chelmsford Formation
(Fig. 2). Deposition of the Whitewater Group followed the Sudbury
Impact which is widely believed to have been responsible for for-
mation of the Sudbury Igneous Complex (e.g. Dietz, 1964; Grieve
et al., 1991; Spray and Thompson, 1995) at 1850 Ma (Krogh et al.,
1984).
The post-break-up history of the Animikie Basin has been
summarized by Schneider et al. (2002) and Schultz and Cannon
(2007). As schematically depicted in Fig. 7, part A, ocean closure
is considered to have begun at about 1890 Ma when the Huronian
Basin was being subjected to subaerial erosion. Deposition of the
Menominee Group, which probably took place in a back-arc basin
setting, occurred some time after initiation of subduction at about
1890 Ma so that the stratigraphic hiatus in the Animikie Basin is
slightly shorter than that involved in the Huronian Basin (Fig. 7, part
B). Following the Sudbury impact the stratigraphy of the two areas
is similar but the post-impact succession, in the eastern basin, is
only preserved within the Sudbury structural basin whereas to the
west, the impact layer is succeeded by a widely distributed suc-
cession of black shales and turbidites (Hemming et al., 1995;
Ojakangas et al., 2001; Fralick et al., 2002; Cannon et al., 2010).
These deposits comprise a coarsening- and shallowing-upward
Figure 7. Interpretation of the tectonic history of the Animikie Basin (modiﬁed from Schultz and Cannon, 2007) during the Penokean orogeny between about 1890 Ma and 1830 Ma,
compared to events in the Huronian Basin during the same time interval. North (N) and south (S) directions are shown in part A but also apply to parts B and C. (A) As ocean closure
by subduction began beneath the Pembine-Wassau island arc terrane (P.-W.T.) rift deposits of the lower Huronian (L.H.) and the upper Huronian (U.H.) passive margin remained
somewhat elevated under the weakening inﬂuence of a thermal plume centred in the Lake Huron area (see Fig. 6). Note northward subduction under the Animikie Basin, which may
have initiated formation of back arc basins (B.A.B.) in which the Menominee Group began to accumulate before 1874 Ga, the age of volcanic rocks in the Menominee Group
(Schneider et al., 2002). A similar age was obtained from the Gunﬂint Formation on the north side of Lake Superior (Fralick et al., 2002). (B) Docking of the P.-W.T. against the passive
margin in the Animikie Basin led to continuing deposition of the Menominee Group (M.G.) above the Chocolay Group (C.G.). These rocks are not represented in the Huronian Basin,
where ocean closure was probably due to southerly subduction so that back arc basins did not develop there. The Huronian Basin was subjected to a large asteroid impact at
1850 Ma. The Sudbury Impact and its widely scattered debris (Cannon et al., 2010) provide a precise time marker throughout the Great Lakes area. (C) Following docking of the
Marshﬁeld terrane (M.T. of part A), foreland basin deposits of the Baraga Group (B.G.) were deposited in the Animikie Basin. A similar collision south and southeast of the Huronian
outcrop belt produced a foreland basin (F.B.) whose deposits are uniquely preserved as the Whitewater Group in the down-folded remnant of the impact scar known as the Sudbury
structural basin. Small arrows indicate the dominant sediment transport directions. The postulated Archean terrane SE of the Huronian Basin is based onwork by Dickin and McNutt
(1989) which suggests the presence of Archean rocks in the area southeast of the Grenville Front, and on evidence of an Archean provenance for sandstones of the Chelmsford
Formation (Hemming et al., 1996). This collisional and compressive episode represents the main expression of the Penokean orogeny in the Huronian Basin and produced extensive
ﬂattening, imposed a strong cleavage, tightened pre-existing folds and produced some new ones. Note that many of the events depicted in the diagramwere probably diachronous.
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from the south and development of a classical foredeep and fore-
land basin. This phase probably took place between about 1850 Ma,
the time of the Sudbury Impact and inferred time of docking of the
Marshﬁeld terrane (Schultz and Cannon, 2007) (Fig. 7C), and some
time after 1835 Ma when deposition of the Rove Formation began
on the north shore of Lake Superior (Addison et al., 2005). The
unconformity in the most northerly part of the Animikie Basin
(Maric and Fralick, 2005) between deposition of the iron-rich
Gunﬂint Formation and arrival of the ﬁrst sediments of the Bar-
aga Group may be due to northward advance of the Penokean
orogen and may have involved migration of a peripheral bulge. A
date of 1878 Ma was reported by Fralick et al. (2002) from near the
top of the Gunﬂint Formation, whereas an age of 1835 Ma from a
tuff near the base of the Rove Formation (Maric and Fralick, 2005)
indicates a signiﬁcant hiatus (Fig. 2). Amuch younger detrital zircon
date of 1780 Ma (Heaman and Easton, 2005) from a sandstone
about 400 m stratigraphically higher in the Rove Formation in-
dicates that deposition of carbonaceous mudstones near the base
was extremely slow, producing a highly condensed section.
Interpretation of this time period is more speculative in the
Huronian Basin because the southernmost exposures of the Huro-
nian Supergroup are hidden by the waters of Lake Huron and early
Paleozoic rocks on the NE perimeter of the Michigan Basin. To the
southeast the Huronian Supergroup disappears into the exhumed
roots of the Grenville orogen (Quirke and Collins, 1930). It was
tentatively suggested by Dickin and McNutt (1989), on the basis of
Nd model ages, that the area of the Grenville province lyingimmediately SE of the Huronian Basin (Fig. 4) had an Archean
protolith. These rocks may represent part of Kenorland that was
uplifted during the Penokean orogeny, and later incorporated into
the Grenville province or they could be remnants of a foreign
Archean microcontinent like the Marshﬁeld terrane in the Lake
Superior area (Fig. 7C). A collisional suture was placed by Dickin
and McNutt (1989) between these rocks and a possible island arc
of Penokean age to the southeast. The presence of Archean rocks in
the area SE of Sudbury may explain the Archean provenance of
foreland basin deposits of the Chelmsford Formation in the Sud-
bury Basin (Hemming et al., 1996), if there was Penokean uplift in
the area that later became the locus of the Grenville Front.
9. Implications of the proposed model
The Paleoproterozoic sedimentary history of the Animikie and
Huronian basins terminated with deposition of the foreland basin
successions of the Baraga andWhitewater groups. The supracrustal
rocks of both basins were strongly affected by tectonic events
associated with closure of the Huronian Ocean to the south e the
Penokean orogeny, beginning at about 1890 Ma with consumption
of oceanic crust to produce island arcs of the Pembine-Wassau
terrane and possibly northward subduction giving rise to back-arc
development in the Animikie Basin (Fig. 7A). Docking of th P.-
W.T. against the southern margin of the Animikie Basin at about
1870 Ma and a change from northerly to southerly subduction
would have led to termination of back-arc basin formation and
initiated crustal thickening and loading that led to the diachronous
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island arc terranes may have been accreted in the vicinity of the
southern and southeastern margins of the Huronian Basin (Dickin
and McNutt, 1989). Termination of the Penokean orogeny is indi-
cated by emplacement of ‘stitching plutons’ in the Animikie Basin at
about 1830 Ma (Schultz and Cannon, 2007).
Crustal separation associated with development of the Mid-
Continent Rift between about 1.1 Ga and 1.0 Ga caused signiﬁcant
southerly displacement of part of the Animikie Basin relative to the
Huronian Basin (Fig. 1). The marked change in direction of the
Matachewan dikes on the west side of the Kapuskasing Fault Zone
(Halls et al., 1994; Evans and Halls, 2010) could be the result of
northward compressional displacement on the west side of the
fault zone, associated with collisions during the Penokean orogeny.
The suggested plume, south of the Huronian Basin, (near the site of
the older Matachewan plume) may have caused thermal uplift
leading to gravitational folding, and provided a magmatic source
for the Nipissing diabase suite at about 2.2 Ga.
9.1. The Hurwitz Basin
It was suggested by Bleeker (2004) and Ernst and Bleeker (2010,
Fig. 8) that the Paleoproterozoic Hurwitz Group (including glacial
deposits) in the Hearne province on the west side of Hudson Bay
(Bell, 1970; Young, 1973; Aspler and Chiarenzelli, 1997) originated
in the Great Lakes region but the wide distribution (>250,000 km2)
of the Hurwitz Group and correlatives in the Hearne province (Bell,
1970, Fig. 1; Aspler et al., 2001, Figs. 1 and 2) may provide evidence
against juxtaposition of these large areas (together with others
such as the Wyoming Basin and Fennoscandian shield) against the
much smaller Huronian Basin. Early paleomagnetic studies by
Christie et al. (1975) suggested that the Hurwitz Group has not
undergone signiﬁcant displacement relative to the Superior prov-
ince but this question will only be resolved with further geochro-
nological and paleomagnetic investigations.
9.2. The Wyoming Basin
Based on earlier-noted strong stratigraphic similarities
(Blackwelder, 1926; Young, 1975; Karlstrom et al., 1984; Houston
et al., 1992), it was proposed by Roscoe and Card (1993) that the
Snowy Pass Supergroup in SE Wyoming might have been juxta-
posed against the Huronian Basin before beingmoved to its present
situation, some 2000 km to the SW. If the large displacement and
rotation of the Wyoming province are accepted, then it is much
more likely that these Paleoproterozoic rocks represent the lower
plate succession of the Animikie Basin, rather than the ‘other side’
(upper plate portion) of the Huronian Basin which would likely
have lacked the lower (rift-related) portion of the Huronian strat-
igaphy. Because of similarities between the Wyoming succession
and that of South Dakota (Kurtz, 1981) about 500 km to the NE, it is
possible that the Snowy Pass Supergroup is a ‘Huronian-type’ lower
plate succession developed ‘in situ’ on a southwesterly extension of
the same continental margin (Young, 2013b, Fig. 3). On the other
hand the near-identical stratigraphic successions in the Wyoming
and Great Lakes basins make the case for juxtaposition more
compelling than those of others such as the Hurwitz and Fenno-
scandian basins.
10. The Great Stratigraphic Gap
One of the most puzzling aspects of the evolution of the Huro-
nian and Animikie basins is the presence of a large hiatus
(325e350 Ma) (Fig. 8). This signiﬁcant break e the ‘Great Strati-
graphic Gap’ of Young (2013a, Fig. 11) – separates a passive marginsequence (upper Huronian and Chocolay Group) from rocks formed
in back-arc and foreland basin settings (Menominee/Baraga groups
and Whitewater Group). A similar ‘cryptic’ hiatus (without struc-
tural discordance), between 2.11 Ga and 1.91 Ga, was documented
by Aspler et al. (2001) in the Hurwitz Basin. The hiatus has not been
demonstrated in SE Wyoming where a thick succession of Paleo-
proterozoic rocks (Snowy Pass Supergroup) accumulated onwhat is
now the southern margin of the Archean Wyoming craton
(Karlstrom et al., 1984; Houston and Karlstrom, 1992; Houston
et al., 1992). Although these rocks have a near-identical stratig-
raphy to the entire Huronian Supergroup, the topmost formations,
Towner Greenstone and French Slate have no equivalents in the
Huronian Supergroup. The French Slate is, however similar in
character to carbonaceous mudstones at the base of the Baraga
Group in the Animikie Basin and to the Onwatin Formation in the
Sudbury Basin. The nature of the contact between carbonate rocks
of the Nash Formation near the top of the Snowy Pass Supergroup
(S.P.S.) and the Towner Greenstone is unknown (not exposed). It
was suggested by Houston and Karlstrom (1992) that the two
youngest formations could represent deposition in a foreland basin
setting related to docking of an island arc complex to the south.
Unfortunately there are no geochronological data to resolve the
question of age relationships between these formationx (Towner
Greenstone and French Slate) and underlying units of the Snowy
Pass Supergroup but it is speculated that a large hiatus (the Great
Stratigraphic Gap) may be present between the Nash Formation
and Towner Greenstone. The Snowy Pass Supergroup (at least as
high as the Nash Formation) was intruded by diabase and gabbroic
bodies some of which were emplaced at about 2000 Ma (Karlstrom
et al., 1984). Open folds in the lower part of the S.P.S. are cut by sill-
like igneous bodies but they tend to take the form of dikes in the
higher formations and age relations between the two sets of in-
trusions are not known. These igneous bodies (and some of the
folding that affected at least the lower part of the S.P.S.) certainly
preceded the major 1700e1800 Ma orogenesis (Karlstrom et al.,
1984) preserved in the Cheyenne Belt to the south. Thus the
Great Stratigraphic Gap, if it exists in the Wyoming Basin, could
have occurred between about 2 Ga and 1.8 Ga, so that it may have
started later and been of shorter duration than that documented in
the Huronian Basin (see Young, 2013a, Fig. 11). Likewise in the
Hurwitz Basin the hiatus discovered by Aspler et al. (2001) did not
involve an angular discordance and appears to span the period
between about 2.11 and 1.91 Ga.
There is no obvious explanation for such a long hiatus in sedi-
ment accumulation (or at least preservation) following break-up of
a large region of continental crust (Kenorland) and deposition of a
passive margin succession. The most likely explanation is perhaps a
relative fall in sea level so that the area in question was subaerially
exposed. There is no obvious reason to invoke a signiﬁcant sea level
drop for the last sediments before the G.S.G. are mostly interpreted
as passivemargin deposits formed in the aftermath of the extensive
Huronian glaciation (Gowganda Formation) under a transgressive
regime. It is also unlikely that a eustatic lowering of sea level would
have persisted for such a long period of time. The alternative is that
a large region of continental crust was uplifted – one possible cause
is orogenic thickening, as for example in the long-lived Appalachian
fold belt, but there is no evidence of orogenic compression in the
Great Lakes area until the Penokean orogeny, which is later than the
G.S.G. The remaining mechanism is long-lived or repeated thermal
uplift, as a result of large scale upwelling from the mantle, of the
large interior part of Kenorland, that later became the Superior
province. Emplacement of the Nipissing diabase suite and Senne-
terre dike swarm at about 2.2 Ga may signal renewed thermal ac-
tivity in the vicinity of the older Matachewan plume. Associated
uplift may have triggered large scale displacement of the Huronian
Figure 8. The Great Stratigraphic Gap (G.S.G.) in time and space. Note that the G.S.G. occupies between about 200 and 350 Ma in the basins represented in the diagram and occurs
between development of a passive margin and foredeep. One possible exception is the iron formation-bearing Menominee Group in the Animikie Basin, which may have developed
in back-arc settings. The G.S.G is longest in the Huronian Basin and decreases with increasing distance from that region. The most extensive glacial deposits are those of the
Gowganda Formation which are assumed to be approximately synchronous thoughout all the basins, Likewise the Sudbury Impact and its ejecta layer provide a time line at 1.85 Ga
in the Great Lakes area. The reason for the G.S.G. is not known but its association with large scale gravitational displacement of the Huronisn Supergroup and with intrusions of the
Nipissing diabase suite may indicate that uplift was associated with mantle upwelling in the Great Lakes area. B.I.F. e banded iron formation. See text for fuller discussion.
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early, ‘soft sediment’ fold episode. There is abundant evidence of
plume activity in this area between about 2218 Ma (Senneterre
dikes) and 2065Ma (Fort Francis dikes), making it plausible that the
Nipissing diabase suite was a manifestation of the same process.
The effects of the proposed thermal buoyancy were greatest near
the Great Lakes area and diminished in strength and duration to the
west and northwest (Fig. 9A) until, as in the Hurwitz Basin, the
hiatus began later (at about 2.11 Ga) and only lasted about 200 Ma
(as opposed to about 350 Ma in the Huronian Basin). The period of
the Great Stratigraphic Gap, between about 2.2 Ga and 1.87 Ga is
precisely the time when widespread thermal uplift took place
throughout most of the area now included in the Superior province.
Thermal upwelling culminated in continental break-up around the
margins of the Superior province, followed by sedimentation,
volcanism and intrusive activity. These events began at about
2.03 Ga in the Richmond Gulf area on the east side of Hudson Bay
(Chandler and Parrish, 1989), at 2.04 Ga in the Cape Smith Belt and
at 2.17 Ga in the Labrador Trough (Maurice et al., 2009, Fig. 3).
According to Condie et al. (2009) thew2.45 Ga igneous activity
that accompanied initiation of the Huronian Basin was followed by
a long magmatic lull which lasted until about 2.2 Ga when the
Nipissing diabase sills and dike swarms of approximately the same
and somewhat younger age were intruded in the Great Lakes area
and throughout much of the Superior province (Ernst and Bleeker,
2010). It was suggested (Young, 2013a) that glaciations in the
Huronian Basin, and in a large area that is now the western part of
the Superior province (Fig. 9A) may have been initiated as a result
of drawdown of CO2 due to weathering related to uplift of the su-
percontinent Kenorland. Low atmospheric CO2 levels and glacia-
tions may also have been inﬂuenced by a dearth of igneous activitybetween 2.45 and 2.2 Ga (Condie et al., 2009). Mantle plume ac-
tivity around the periphery of the region that became the Superior
province would have caused renewed uplift, including that in the
vicinity of the Huronian Basin, where the Huronian Ocean already
existed. At the same time, between about 2.17 and 2.03 Ga, new
sedimentary basins were appearing elsewhere. Thus formation of
sedimentary basins around the margins of the Superior province
appears to have been controlled by the sporadic nature of mantle
plume activity (Condie et al., 2009) and its different effects on
different areas. These younger basins do not contain glacial de-
posits so that, in spite of renewed uplift the ‘Huronian Glacial Event’
had terminated, perhaps in response to renewedmagmatic activity,
which would have raised CO2 levels in the atmosphere (Condie
et al., 2009).
Between about 2.45 Ga and 2.2 Ga the Huronian, Animikie and
Wyoming basins developed in response to thermal uplift and
crustal fragmentation that appears to have been restricted to what
is now the southern margin of the Superior province. Following
establishment of a passive margin and oceanic crust to the south
there was an extended period of thermal uplift, beginning at about
2.2 Ga that marked the beginning of the G.S.G. These events
probably ushered in a new episode of sea ﬂoor spreading in the area
to the south of the Great Lakes while, to the NE the same thermal
upwelling initiated basin formation in a huge area around the
Ungava peninsula (Maurice et al., 2009, Fig. 3). Closure of the
Huronian Basin may therefore have been aborted, or ‘put on hold’
by a second wave of thermal plume activity that served to deﬁne
the future outline of the Superior province. The Penokean orogeny
does not mark completion of the Huronian Wilson Cycle but rather
forms part of a much later ‘Circum-Superior’ orogen. The Great
Stratigraphic Gap bears witness to a second period of thermal uplift
Figure 9. (A) Sketch map of North America at about 2.3 Ga to show the distribution of
Paleoproterozoic basins containing glaciogenic deposits. Note that most are at or near
to the margins of the western part of the Superior Province. Abbreviations for glaciated
basins are as follows: AB e Animikie Basin; Ch e Chibougamau area; HB e Huronian
Basin; HtBeHurwitz Basin. According to Aspler et al. (2001) the Hurwitz basin was
intracratonic but the others were located in areas of continental separation that
G.M. Young / Geoscience Frontiers 6 (2015) 419e435432that was harbinger to the large-scale fragmentation of Kenorland
and the reassembly that deﬁned the Superior province and was an
integral part of the building of Laurentia.
11. Tectonic summary
Hot spot activity around the southern and western margins of
what is now the Superior province caused uplift, intrusion of radial
dike swarms such as the Matachewan at ca 2.45 Ga, rifting and
separation to form new continental margins in the south, and cause
crustal thinning in the Hurwitz Basin (Fig. 9A), which was inter-
preted by Aspler and Chiarenzelli (1997) as an intracratonic basin.
The Huronian Supergroup and correlatives, including wide-
spread glacial sediments (Fig. 9A), were deposited in these basins
between 2.45 Ga and 2.2 Ga, a period characterized by a global
dearth of igneous activity (Condie et al., 2009). Uplift of thewestern
part of the Superior province may have contributed to the onset of
glaciations. Intrusion of the Nipissing diabase suite and folding
(gravitational displacement?) of the Huronian Supergroup took
place at about 2.2 Ga when renewed mantle plume activity began,
this time on a larger scale, eventually deﬁning the borders of the
Superior province.
Between about 2.2 Ga and deposition of the Whitewater Group,
following the Sudbury Impact at 1.85 Ga, there was a stratigraphic
hiatus of about 350Ma and although slightly shorter in areas to the
west (Hurwitz, and possibly the Wyoming basins) (Fig. 9A) this
break is present in early Paleoproterozoic basins throughout the
western part of the Superior province. During the time of the Great
Stratigraphic Gap the entire Superior province (and surrounding
areas of Kenorland) may have been located above a large area of
mantle upwelling (superswell).
Starting at about 2.0 Ga ocean formation took place all around
the margins of the Superior province (Fig. 9B), followed by
docking and collision of island arcs and continental fragments to
produce the Trans-Hudson, New Quebec and Penokean orogens
and the Cheyenne belt that, together completely surrounded the
Superior province (Fig. 9C). It was at this time that the Great
Stratigraphic Gap ended in the Great Lakes area with spilling of a
great apron of turbiditic sediments onto the southern margin of
the Superior province or with the (slightly earlier) deposition of
BIF in back-arc settings (Menominee Group of the Animikie Basin).resulted in opening of the Huronian Ocean in the area that became the southern
margin of the Superior province. The rift-drift transition is thought to have occurred at
the time of deposition of the widespread Gowganda Formation, The postulated extent
of the Gowganda ice sheet is shown by the heavy dashed line and white arrows
indicate the generalized direction of ice movement. Note that these glaciated basins
are restricted to the western portion of the Superior province. (B) The same area at
about 2.0 Ga. Ocean opening has occurred round the remainder of the Superior
province, producing the Trans-Hudson Ocean and the Labrador Trough. To accom-
modate the complex shape of the emerging Superior province the opening was
probably much more complex, with fragmentation of cratonic blocks on the outside of
the oceans. This great break-up event represents the second, and by far the greatest
release of thermal energy in this region after the formation of Kenorland at the end of
the Archean. Formation of the Huronian Ocean was an early, more localised mani-
festation of the same phenomenon but closure of the Huronian Ocean did not occur
until about 1850 Ma when the Penokean collisions took place and foreland basin
formation occurred, bringing the Great Stratigraphic Gap to an end. Arrows show
inferred movement directions of crustal blocks. (C) Ocean closure and development of
orogenies around the perimeter of the central ‘nucleus’ at about 1.8 Ga deﬁned the
ﬁnal form of the Superior province and belatedly brought the Huronian Wilson Cycle
to a close. In a sense the glaciated basins represent an abortive attempt at break-up of
Kenorland that was ‘put on hold’ until it was incorporated into the more successful
circum-Superior cycle in the events ascribed to the Penokean orogeny. Amalgamation
of the cratonic blocks around the Superior province played an important role in the
assembly of Laurentia. Additional abbreviations: CSB e Cape Smith Belt; NQO e New
Guebec orogen; PO e Penokean orogen; RG e Richmond Gulf area. Arrows show
inferred direction of movement of crustal blocks.
G.M. Young / Geoscience Frontiers 6 (2015) 419e435 433Ocean closure and collisional orogeny occurred from about 1.86 Ga
to 1.73 Ga and was an important element in the amalgamation of
Laurentia.
12. Conclusions
Stratigraphic relationships between the Animikie and Huronian
basins may be explained by the detachment fault model of Lister
et al. (1986). The absence of the lower Huronian succession in the
neighbouring Animikie Basin may be due to the Chocolay Group
being an upper plate assemblage.
Early folding of the Huronian Supergroup, formerly attributed to
an early phase of the Penokean orogeny or to the enigmatic Ble-
zardian orogeny, is thought to be the result of large-scale north-
directed gravitational displacement of the semi-consolidated
Huronian succession as a result of thermal uplift of the area
south of the Huronian Basin. These early mass movements were
accompanied by intrusion of the Nipissing diabase suite at ca.
2.2 Ga, both of which are attributed to mantle plume activity.
The Sudbury impact event at 1850 Ma provides a unique time
marker in the Great Lakes region permitting correlation of the
Baraga and Whitewater groups e both foreland basin assemblages
of the Penokean orogen.
Similar Paleoproterozoic successions in the Wyoming and
Hurwitz basins record a similar tectonic history but the Hurwitz
area may have formed on stretched lithosphere, rather than rep-
resenting break-up and ocean formation.
The HuronianWilson Cycle was initiated by thermal uplift of the
Neoarchean supercontinent, Kenorland, culminating in its break-up
coincident with deposition of the glaciogenic Gowganda Fornation,
the lowest formation of the upper part (Cobalt Group) of the
Huronian Supergroup. In a ‘normal’ Wilson Cycle deposition of
these passive margin sediments would be followed by ocean
closure but in the case of the glaciated basins around the western
perimeter of the Superior province there was an exceptionally long
hiatus that is attributed to a second episode of mantle upwelling.
These events delayed termination of the Huronian Wilson Cycle
until closure of a second much more extensive series of ocean ba-
sins that existed from about 2.1 Ga to 1.8 Ga around the periphery of
what later became the Superior province. Thus the exceptionally
long time (>600Ma) involved in the HuronianWilson Cycle may be
attributed to its being interrupted by and incorporated into a sec-
ond Wilson Cycle that resulted in deﬁnition of the borders of the
Superior structural province and contributed to the amalgamation
of Laurentia.
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